Abstract. In a recent clinical observation, the growth of endothelial tumors, such as nasopharyngeal carcinoma, was repressed by the non-selective-adrenergic antagonist propranolol. In this study, we evaluated whether ß-adrenoceptors (ß-ARs), nuclear factor κB (NF-κB), vascular endothelial growth factor (VEGF), cyclooxygenase-2 (COX-2), matrix metallo-proteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) were involved in modulating cell apoptosis and cell cycle arrest by propranolol in human gastric adenocarcinoma cell lines (SGC-7901 and BGC-823) in vitro. Our results showed that the propranolol treatment inhibited cell proliferation in a concentration-dependent manner, suggesting the involvement of ß-ARs in this cellular response. Propranolol-induced growth inhibition was associated with G0/G1 arrest and G2/M arrest depending upon the concentration. In addition, propranolol also induced apoptosis in both cell lines, as determined by Annexin V staining assay. Furthermore, propranolol decreased the level of NF-κB and then downregulated VEGF, Cox-2, MMP-2 and MMP-9 expression. Collectively, these results suggested that propranolol repressed gastric cancer cell growth through the inhibition of ß-ARs and the downstream NF-κB-VEGF/ MMP-2/9/COX-2 pathway.
Introduction
Gastric cancer accounts for about 10% of invasive cancers worldwide, and it is the second leading death-causing cancer. Though the incidence of gastric cancer has been decreasing, it remains a common malignancy worldwide, especially in Asia (1) . Several factors are strongly correlated with the increased risk of gastric cancer, including diet, genetic factors, environmental factors, infectious agents and pathological condition in the stomach (2) . An imbalance in stimulatory and inhibitory neurotransmission can explain the factors mentioned above. The neurotransmitters acetylcholine, adrenaline and noradrenaline of the autonomic nervous system act as powerful upstream regulators. They modulate numerous cell and tissue functions by releasing growth factors, angiogenesis factors, metastasis factors, arachidonic acid, proinflammatory cytokines and local neurotransmitters from cancer cells and their microenvironment.
In addition, they directly modulate proliferation, apoptosis, angiogenesis and metastasis of cancer by intracellular signaling of downstream neurotransmitter receptors. It has been reported that ß-adrenoreceptors (ß-ARs) expressed in cancer of the esophageal, breast, nasopharynx, pancreas and colon cell lines is the key factor, which induces tumor formation due to long-term smoking and chronic stress (3) (4) (5) (6) (7) . Neurotransmitters, which act through adrenoceptors, control the tissue proliferation by modulating diverse intracellular processes. The subtypes of ß-AR have been classified as ß 1 -, ß 2 -and ß 3 -ARs. Shin et al reported that 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, which was extracted from cigarettes, acts as a ß-adrenergic receptor agonist) enhances cell proliferation in gastric cancer cells (8) .
In this study, we evaluated the expression of ß-ARs in two gastric cell lines (SGC-7901 and BGC-823). We also studied the effect of isoproterenol (ß-adrenergic receptor agonist) and propranolol (ß-adrenergic receptor antagonist). We hypothesized that the ß-adrenergic receptor antagonist could suppress the proliferation of gastric cancer cells via induction of cell cycle arrest and apoptosis. Therefore, we examined cell cycle and cell apoptosis by flow cytometry (FCM), and cell proliferation by MTT assay. Finally, we evaluated nuclear factor κB (NF-κB) and downstream factors in the signal pathway using real-time RT-PCR and Western blotting.
Materials and methods
Cell culture and drug treatment. The human gastric adenocarcinoma (HGC) cell line (BGC-823) and HGC cell line (SGC-7901) were established in People's Hospital of Peking University, China and No. 6 Hospital of Shanghai, China, respectively. These two human gastric cancer cell lines were obtained from the Medical Center Laboratory of Xi'an Jiaotong University (Xi'an, China). Both cell lines were cultured in complete Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY) containing 10% (v/v) heat-inactivated fetal bovine serum (Gibco), penicillin (100 U/ml) and streptomycin (100 mg/ml), which were maintained in a 37˚C humidified incubator supplying with 5% CO 2 . When cells reached the logarithmic phase, they were treated with isoproterenol or propranolol at different concentrations. The ß-AR antagonist propranolol and ß-AR excitomotor isoproterenol, were purchased from Sigma Chemical (St. Louis, MO, USA).
Cell viability. Cell viability was measured by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT and dimethyl sulfoxide (DMSO) were obtained from Sigma Chemical. After incubation with isoproterenol or propranolol at different concentrations for 24 h, cells were then incubated with 2.5% MTT solution (5 mg/ml) at 37˚C for another 4 h. Subsequently, 150 μl of DMSO was added to solubilize the MTT tetrazolium crystals. Finally, the optical density was determined at 490 nm by a Benchmark Plus microplate reader (Bio-Rad, Hercules, CA). The tests were repeated in triplicate, and the mean optical density was calculated.
Cell cycle analysis. Cell cycle distribution was analyzed by FCM. Cells (10 5 ) were treated with or without isoproterenol (10, 30 and 100 μmol/l) or propranolol (50, 100 and 200 μmol/l) at various concentrations for 24 h. After the treatment, the cells were trypsinized and then centrifuged at 300 x g for 5 min. Subsequently, cells were collected and washed with PBS 2 times. Then, cell pellets were resuspended in ice-cold PBS and fixed by 75% ethanol overnight. After washing with PBS, cell pellets were resuspended in 100 μg RNase A and 20 μg propidium iodide (PI), and incubated at 25˚C for 30 min in the dark. DNA distribution was analyzed by FCM (BD Biosciences, USA).
Cell apoptosis analysis. In order to detect phosphatidylserine externalization (on the surface of cell membrane), an endpoint indicator of early apoptosis, FCM was performed with PI and fluorescein isothiocyanate (FITC)-labeled annexin V (Joincare Biosciences, Zhuhai, China). After the treatment, the remaining intact cells were incubated at 37˚C for 24 h, and then the cells were washed with cool PBS at 4˚C. After a centrifugation at 1500 rpm for 5 min, 500 μl of 1X Binding buffer, 5 μl of FITC-labeled Annexin V and 10 μl of PI were added to the cell suspension and gently mixed. After incubation at 25˚C for 10 min in the dark, the cells were analyzed by FCM.
Real-time reverse transcription polymerase chain reaction (real-time RT-PCR).
Total RNA was extracted from cultured cells by Tri-Reagent. In order to eliminate DNA contamination, extracted RNA was treated with genomic DNA elimination mixture. Subsequently, the purified RNA was reversely transcribed to cDNA. ß 1 -and ß 2 -ARs were identified by RT-PCR (Applied Biosystems, Inc., Foster City, CA). The gene expression of Cox-2, VEGF, MMP-2 and MMP-9 was quantified by real-time PCR kit from Takara (Takara Biochemicals, Japan). Briefly, following a preheating program at 95˚C for 10 min, the reaction was carried out by an Icycler (Bio-Rad) at a melting temperature of 95˚C for 15 sec, an annealing temperature for 1 min for 40 cycles. Table I shows the primer sequences and annealing temperatures Table I . The primer sequences and annealing temperatures for the seven investigated genes. 
of the seven investigated genes. Primers were designed according to Genbank, NCBI. For the validation, each experiment was done in triplicate.
Western blot assay. The primary antibodies of ß 1 -and ß 2 -adrenergic receptors were purchased from Abcam (Cambridge, MA). Antibodies of Cox-2, VEGF, NF-κB (p65), MMP-2 and MMP-9 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The nitrocellulose membrane was purchased from Millipore (Bedford, MA). The BCA assay kit and the chemiluminescence kit were purchased from Pierce (Rockford, IL). Briefly, 20 mg of each sample, quantified by Bradford method, were electrophoresed on 10% SDS-PAGE and electrotransferred onto nitrocellulose membrane (400 mA for 2 h) by Bio-Rad Mini Protean 3 System (Hercules, CA) according to the standard protocol. The nitrocellulose membranes were then blocked with TBS containing 10% milk powder and 0.1% Tween-20 at 37˚C for 4 h. Subsequently, the membranes were incubated with 1:200 of the primary antibodies of ß 1 -AR, ß 2 -AR, Cox-2, VEGF, MMP-2, MMP-9 and NF-κB (p65), 1:500 of anti-ß-actin at 4˚C overnight, respectively. The antibody against rabbit or mouse IgG was adopted as the secondary antibody corresponding to the primary antibody. Peroxidase activity was visualized with the chemiluminescence kit according to the manufacturer's instructions.
Statistical analysis. The results were expressed as mean ± SD. Statistical differences were estimated by One-way analysis of variance (ANOVA) followed by Dunnett's test. P<0.05 was considered statistically significant. Analysis of the data and plotting of the figures were performed with the aid of software (SPSS version 13.0).
Results

Expression of ß 1 , ß 2 -adrenergic receptors at the mRNA and protein level in SGC-7901 and BGC-823 cells.
Since propranolol is a ß-adrenergic receptor antagonist, the expression of ß 1 , ß 2 -ARs was determined at the mRNA and protein levels in SGC-7901 and BGC-823 cells by real-time RT-PCR and Western blotting, respectively. Our results showed that ß 1 , ß 2 -adrenergic receptors could be detected at the mRNA and protein levels in both cell types. Fig. 1 shows that the expression of ß 1 , ß 2 -adrenergic receptors in SGC-7901 cells was higher than that in BGC-823 cells.
The ß-adrenergic receptor antagonist propranolol inhibits gastric cancer proliferation while isoproterenol, a ß-adrenergic receptor agonist, shows the opposite effect. We used MTT assay to assess cell proliferation in SGC-7901 and BGC-823 cells treated with propranolol or isoproterenol. Fig. 2 shows that the induced cell proliferation was dose-dependent after the treatment of propranolol or isoproterenol at different Propranolol induces G0/G1 and G2/M phase cell cycle arrest in gastric cancer cells. In order to study the mechanism of propranolol inhibition on cell proliferation, we performed cell cycle analysis in the propranolol-treated gastric cancer cells as shown in Fig. 3 . Exposure of BGC-823 cells to propranolol/isoproterenol resulted in the enrichment/reduction of G0/G1 phase (P<0.05 vs. control), accompanying with a decrease/increase in S phase. However, BGC-823 cells only exposed to 200 μM propranolol showed an increase of G2/M cell population (P=0.01) compared with the controls. Furthermore, propranolol-treated SGC-7901 cells showed the enrichment of G2/M phase, accompanying with a decrease in S phase. While SGC-7901 cells only exposed to 200 μM propranolol showed an increase of G0/G1 cell population in comparison with the controls. However, SGC-7901 cells exposed to isoproterenol showed very slight increase of S-phase cell population in comparison with the controls. These results indicated that propranolol was able to induce cell cycle arrest in G0/G1 or G2/M phase before cell death in SGC-7901 and BGC-823 cells. Similar to propranolol, the treatment of isoproterenol resulted in the same effects of G0/G1 or G2/M phase enrichment. These data suggested that propranolol inhibited the proliferation of gastric cancer cells by inhibiting cell cycle progression, while isoproterenol demonstrated the opposite effect.
Propranolol induces gastric cancer apoptosis in vitro.
In addition to cell cycle arrest, the growth inhibition induced by propranolol could also be due to the programmed cell death. Therefore, we investigated whether propranolol induced cell apoptosis. Fig. 4 shows that following the propranolol Determining the roles of ß-adrenergic receptors and downstream signaling factors. We evaluated whether ß-ARs mediated the propranolol/isoproterenol-dependent modulation of NF-κB expression at the mRNA (Fig. 5 ) and protein levels ( SGC-7901 cells, accompanying with the decreased expression of COX-2, VEGF, MMP-2 and MMP-9 at the protein level. This is consistent with the decreased expression of COX-2, VEGF, MMP-2 and MMP-9 at the mRNA level after the propranolol treatment. The expression of these genes at the mRNA and protein levels was a dose-dependent in propranolol-treated BGC-823 and SGC-7901 cells. In contrast to propranolol, the expression of NF-κB (p65), COX-2, VEGF, MMP-2 and MMP-9 at the protein level was upregulated by isoproterenol treatment in gastric cancer cells, and this was consistent with the increased expression of COX-2, VEGF, MMP-2 and MMP-9 at the mRNA level in a dose-dependent manner after the isoproterenol treatment. These results clearly suggested that the propranolol-dependent downregulation of COX-2, VEGF, MMP-2 and MMP-9 in gastric cancer cells was mainly due to the decreased expression of NF-κB via inhibition of ß-ARs.
Discussion
Gastric cancer is one of the major cancers with high mortalities in the world. Several factors like smoking, drinking, stress and drugs strongly correlate with the increased risk of gastric cancer. They play key roles in cancer cell proliferation, metastasis and invasion. Evidence has come to light elucidating the regulatory role of neurotransmitters in the regulation of tumor cells (9) . The neurotransmitters acetylcholine, adrenaline and noradrenaline of the autonomic nervous system act as powerful upstream regulators by releasing growth factors, angiogenesis factors, metastasis factors, arachidonic acid, proinflammatory cytokines and local neurotransmitters from cancer cells and their microenvironment.
In addition, they directly modulate proliferation, apoptosis, angiogenesis and metastasis of cancer cells by intracellular signaling of downstream neurotransmitter receptors. Some neurotransmitters, which act through ß 1 -, ß 2 -ARs, control the tissue proliferation by modulating diverse intracellular processes. NNK, an important ß-AR agonist in cigarette smoke, is formed by nitrosation of nicotine, and it is a strong chemical that causes lung cancer among smokers (10) . Propranolol, a non-selective ß-adrenergic antagonist, has been widely used in clinic under various conditions, including hypertension, anxiety and excessive sympathetic responses, which often characterize patients during the perioperative period (11) . It can inhibit the proliferation of nasopharyngeal carcinoma cells (12). In our study, both of the gastric cancer cell lines (BGC-823 and SGC-7901) expressed ß 1 , ß 2 -ARs. Therefore, neurotransmitters could act as a regulator through ß-ARs. Fig. 2 shows that the two important agonist and antagonist, isoproterenol and propranolol, exhibited a concentrationdependent growth-facilitative/inhibitory effect on gastric cancer cell lines by activating or inhibiting the ß-adrenergic receptor. Control of cell cycle progression in cancer cells is considered to be a potentially effective strategy in tumor treatment (13) . Fig. 3 shows that the inhibition of cell growth observed in propranolol-treated cells was apparently due to the induction of G0/G1 cell cycle arrest in BGC-823 cells and G2/M cell cycle arrest in SGC-7901 cells. The ß-AR agonist, isoproterenol, showed the opposite effect on cell cycle. G1 phase arrest in cell cycle progression provides an opportunity for cells to either undergo repair mechanisms or follow the apoptotic pathway. Defects in the G1 arrest checkpoint may enhance cancer cell proliferation, and efforts to correct these problems may impede cell growth and induce cell death. Defects in the G2-M arrest checkpoint may allow a damaged cell to enter mitosis and undergo apoptosis, and efforts to enhance this effect may increase the cytotoxicity of chemotherapy. Alternatively, efforts to increase G2-M arrest have also been associated with the enhanced apoptosis (14) . With FCM analysis, Fig. 4 shows that propranolol might induce apoptosis in a dose-dependent manner via ß-AR pathways in SGC-7901 and BGC-823 cells.
It has been shown that NF-κB is involved in modulating the expression of several proinflammatory, prometastatic and proangiogenic genes, including Cox-2, MMPs and VEGF (15, 16) . Since NF-κB plays important roles in many cellular processes, recent studies have been focused on the interaction of NF-κB activation with other cell signal transduction pathways, including the ß-AR pathway. The activation of NF-κB p50 homodimers in nasopharyngeal carcinoma occurs independently of LMP-1 (EBvirus gene) expression. Bierhaus et al showed that norepinephrine (ß-AR agonist) can activate NF-κB when it binds to ß-ARs (17) . Activation of NF-κB leads to the upregulation of several downstream target genes, including Cox-2, MMPs and VEGF. Therefore, it is possible that ß-AR-induced cell proliferation and invasion is partly due to the activation of NF-κB pathway. Cox-2 has been linked to cancers, suggesting that another pathway whereby inflammation can be a co-factor for modulating tumor cell growth.
The stimulation of ß-ARs has been linked to the arachidonic acid cascade, especially Cox-2 expression, in various types of cancer (6, 18) . Cox-2 is aberrantly overexpressed in colon cancer and plays an essential role in cancer progression (19) . The MMPs are a family of related enzymes that degrade extracellular matrix, which are considered to be important factors in facilitating tumor invasion. Among these MMPs, MMP-9 and MMP-2 have been considered to be two important factors in facilitating invasion and metastases in pancreatic cancer (20) . Moreover, VEGF, the most well-characterized angiogenic factor, is known to play a vital role in tumor-associated microvascular invasion (21, 22) . In human gastric cancer, a higher expression of VEGF may be one explanation for the poorer prognosis (23) . It is well accepted that NF-κB regulates the expression of MMP-2/9, VEGF and Cox-2 (24) (25) (26) . In the present study, we found that propranolol, which acts via ß-AR, reduced NF-κB DNA-binding activity and concomitantly inhibited the expression of Cox-2, MMP-2/9 and VEGF at the mRNA and protein levels. The inhibition of Cox-2, MMP-2/9 and VEGF expression by propranolol might be mediated by the inhibition of NF-κB, in which the binding site has been found in the promoter of Cox-2, MMP-2/9 and VEGF. Thus, propranolol could partly potentiate the anti-inflammatory, antiproliferative and anti-metastasis activities by modulating NF-κB and downstream genes via ß-ARs.
These findings along with the present experimental data strongly suggest that ß-adrenergic receptor modulation plays an important role in the progression of gastric cancer. For the first time, our results demonstrate that ß-adrenergic inhibition can block gastric cancer cell growth in vitro by downregulating NF-κB and modulating downstream MMP-2/9, Cox-2 and VEGF gene expression. Furthermore, we showed an opposite effect on isoproterenol administration. Certain behavior or drugs, such as smoking, chronic stress and ß-AR agonist that can activate ß-ARs, will accelerate the proliferation, invasion and metastasis of gastric cancer and lead to a poorer prognosis. These data suggest that blockade of ß-AR-stimulated signal pathways could have therapeutic implications for the prevention and treatment of gastric cancer, especially in cigarette smokers and chronic stress patients.
